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摘  要：针对碳纤维增强树脂基复合材料低速冲击损伤的实时监测，本文设计将布拉格光纤光栅（FBG）传
感器埋植在复合材料加筋板结构的三角填充区，在线监测复合材料 T 型加筋板冲击损伤过程。分别将 FBG
传感器埋植于复合材料层合板内部和复合材料 T 型加筋板的三角填充区，对比 FBG 传感器的埋入对复合材
料层合板与复合材料 T 型加筋板对力学性能的影响，结果表明内埋 FBG 传感器的复合材料层合板试样的拉
伸强度比未埋植传感器的层合板试样降低了约 5%，但在 FBG 传感器的破坏应变范围内，FBG 传感器可以




FBG 传感器测得的应变信号可初步实现对复合材料 T 型加筋板蒙皮冲击损伤位置及冲击能量的实时监测。 
关键词：FBG传感器；低速冲击；损伤监测；复合材料；冲击定位 
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Low-velocity impact damage monitoring of composite stiffened panels 
based on FBG Sensors  
ZHOU Yujing1, REN Mingwei1, LIU Gang*2, 4, HU Xiaolan*3, FAN Guanghong1,YI Xiaosu2 
(1.State Key Laboratory of Advanced Forming Technology & Equipment, Beijing National Innovation Institute of light-
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Abstract:  FBG sensors were embedded in triangle region of a composite T-stiffened panels to real-time monitor 
the strain change during impact. By embedding the FBG sensors in composite laminates and triangle region of the T-
stiffened composite plates respectively, the effects of FBG sensors on the properties of the composite laminates and 
T-stiffened composite plates were studied. Results show that the tensile strength of the composite laminates with 
FBG sensors could be about 5% lower than the laminates without FBG sensors. Within the failure strain scope of 
FBG sensors, the FBG sensors could accurately monitor the strain signals real-time for the composite laminates. The 
compressive load of the T-stiffened panels with FBG sensors in triangle area is almost same as the T-stiffened panels 





measured by the FBG sensors were studied. The results show that the impact time is increased with increasing im-
pact energy. However, the max-strain is decreased with increasing impact distance, increased with increasing impact 
energy. By embedding the FBG sensors in triangle area of the composite T-stiffened panels, the impact location and 
impact energy of the T-stiffened composite panels could be monitored real-time by FBG sensors preliminarily. 






































































Table1 Lay order of FBG sensors in laminates and T-stiffened panels 













(a) Tensile specimen 
 
(b) Composite T-stiffened panels 
图 1 内埋 FBG 传感器的拉伸试样及复合材料 T 型加筋板 
结构示意图 
Fig.1. Profiles of the tensile specimen and composite T-stiffened 



















(a) Tensile testing 
  
   (b) Impact testing 
 
(c) Compression testing 
图 2 复合材料拉伸和冲击测试设备 
Fig.2. Equipment for tensile , impact testing and compression 
testing of the composites 
2 结果与讨论 
2.1 内埋 FBG 传感器对复合材料力学性能的影响 
图 3 为复合材料层合板内埋 FBG 传感器的金
相照片。从图 3 中可见，在热压罐成型过程中，原









图 3.纤维铺层中内埋 FBG 传感器的复合材料 T 型加筋板 
拉伸试样金相照片 
Fig.3 Metallographic photo of tensile composite T-stiffened 







图 4 为复合材料层合板内埋 FGB 传感器对拉
伸强度的影响。从图 4 可见，埋入 FBG 传感器的
复合材料试样的拉伸强度从未埋植 FBG 传感器复


































图 4.纤维铺层中内埋 FBG 传感器对复合材料 T 型加筋板 
拉伸试样强度的影响 
Fig.4 Influence of embedding FBG sensor in fabric layers on 









变约为 13000με 处发生断裂失效。但图 5 结果显



















图 5 复合材料层合板拉伸过程中内埋 FBG 传感器和 
表面应变片测量应变结果比较 
Fig.5 Strain results measured by embedded FBG sensors and 

















降。本文将 FBG 传感器埋植于复合材料 T 型加筋
板的三角填充区，考察了复合材料加筋板的压缩性
能，结果如图 6。由图 6 可见，内埋 FBG 传感器
和未埋植的加筋板样件压缩破坏载荷分别为




于三角填充区的 FBG 传感器的 SEM 照片，从中也
可见，光纤通过其表面的保护层，和树脂基体粘接
良好。 

















图 6 压缩过程中 FBG 传感器对复合材料 T 型加筋板 
破坏载荷的影响 
Fig.6 Influence of embedded FBG sensor on damage load of the 
composite T-stiffened panels 
 
图 7.埋植于复合材料 T 型加筋板三角填充区内的 
FBG 传感器光纤的 SEM 照片 
Fig.7 SEM photo of FBG sensor embedded in the Triangle area 
of the stiffened panel 
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2.2.1 冲击位置对 FBG 传感器信号的影响 
以 FBG 传感器刻栅区中点为原点，冲击能量
为 3J/mm，冲击位置 A、B、C 和 D 的坐标分别是
(30mm, 0)、(50mm, 0)、(50mm, 30mm)和（70mm, 
0)，如图 8 所示。 
 
图 8 复合材料加筋板冲击位置示意图 
Fig.8 The profile for impact location of the stiffened panel 
 
冲击过程中 FBG 传感器测得应变曲线如图 9
所示。从图 9 可见，埋植于三角填充区的 FBG 传
感器可以监测到复合材料加筋板的冲击信号以及低
速冲击过程中的应变变化。以图 9(a)中 FBG 传感
器测得的冲击曲线为例，冲击过程的发生时间 T 则




















(a) Impact location A 












































(d) Impact location D 
图 9 不同冲击位置条件下 FBG 传感器测得复合材料 
T 型加筋板冲击应变曲线 
Fig.9 The strain curves of composite T-stiffened panel 
measured by FBG sensors of different impact location 
 


















图 10 冲击点位置与 FBG 传感器测得复合材料 T 型加筋板
冲击过程持续时间的关系 
Fig.10. Relation between impact locations and the impact times 
of composite T- stiffened panels measured by the FBG sensors 
 
图 11 为冲击位置与 FBG 传感器测得的最大冲
击应变值的关系。从图 11 可见，在相同冲击能量




























图 11 冲击位置与 FBG 传感器测得的复合材料 T 型加筋板
最大冲击应变值的关系 
Fig.11 Relation between impact location and  the max-strain 
value of composite T-stiffened panels measured by FBG sensors 
 
2.2.2 冲击能量对 FBG 传感器信号的影响 
利用 FBG 传感器对复合材料 T 型加筋板冲击
位置 B 进行冲击过程监测，冲击能量分别为
1J/mm，2J/mm，3J/mm，4J/mm 和 5J/mm。图 12
是冲击能量与 FBG 传感器测得的最大应变值的关




































图 12 冲击能量与 FBG 传感器测得的冲击过程中复合材料
T 型加筋板最大应变值的关系 
Fig.12 Relation between impact energy and the max-strain val-
ue of composite T-stiffened panels measured by FBG sensors 
during impact 
 















图 13 冲击能量与 FBG 传感器测得的复合材料 T 型加筋板
蒙皮冲击过程持续时间的关系 
Fig.13. Relation between impact energy and the impact time of 
composite T-stiffened panels measured by FBG sensors 
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图 14 复合材料 T 型加筋板蒙皮冲击损伤 C 扫描形貌（a）
及损伤面积与冲击能量关系（b） 
Fig.14 C-scan pictures and relation between delaminating area 
of composite T-stiffened panels and impact energy











FBG 传感器受到负面影响，拉伸强度下降约 5%。 
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